Measurements of CO and NO are reported using room-temperature, mid-IR quantum cascade lasers operating at 4.6 µm and 5.26 µm, respectively. Using a balanced ratiometric detection technique, sensitivities on the order of 10 ppbv are achieved for each species. Extensions to in-situ, high-temperature measurements for combustion control applications are described.
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Introduction and Motivation
Advances in gas turbine combustor technology for aeroengine applications are driving combustor designs toward high pressure, ultra-lean operating points. Highpressure operation, up to 50 atm, is desired for improved thrust-to-weight ratio (i.e., a higher energy density heat release) and ultra-lean operation is desired to ameliorate the increase in NO x and particulate emissions associated with higher-pressure operation. The emissions reduction is also being driven by increasing regulatory pressure to limit NO x and particulate emissions during all flight phases, not just cruise conditions. Ultra-lean conditions can move the gas turbine toward stability margin boundaries, resulting in deleterious or potentially destructive combustion instabilities or flame blow-off. Combustor re-light at altitude is also more difficult at ultra-lean conditions, thereby substantially increasing the penalty associated with blow-off. Also, operating at optimum ultra-lean conditions throughout the power envelope places severe demands on a fixed geometry combustor concept and suggests that adaptive operating modes involving fuel or air distribution may be required to ensure safe and lowemission performance.
For these reasons, there are emerging requirements for sensors, actuators, and control technology suitable in advanced gas turbine combustors. Actuator technology should be capable of modulating fuel and/or air distributions to adapt to changing power demands or alter combustion dynamics to suppress instabilities. Sensors must be able to determine critical combustor and engine operating points such as turbine inlet temperature (T 4 ), pattern factor, and emission levels. Finally, intelligent closed-loop control systems are required to interpret sensor input and tailor the actuator response to achieve the desired operating conditions.
A basic sensor requirement that may become important in advanced actuator/control schemes is for continuous and real-time measurements of exhaust gas emission of CO and NO at bandwidths of a few Hz. The NO measurement provides for continuous optimization of the engine NO x emissions while the CO measurement provides for on-line determination of combustion efficiency and serves as a global health monitor diagnostics for fouled fuel and/or injectors. The sensor bandwidth requirement is set by the engine control system response time. Additionally, there are no commercial sensors capable of providing these measurements, and their need has been widely stated, most recently in Reference 1.
Recently, tunable diode-laser absorption sensing has been employed for real-time measurement and closed-loop adaptive control of gas temperature and H 2 O concentration in the combustion region, CO and hydrocarbons in the exhaust region of laboratory and industrial-scale combustors, and in pulse detonation engines. 2, 3 The near-IR telecommunication diode laser technology probes relatively weak overtone transitions of the target molecules. Although both CO and NO have been detected at combustion conditions in atmospheric pressure flames, 4, 5 highly sensitive (sub-ppmv) level detection of trace pollutants such as CO and NO is generally not feasible at combustion temperatures without resorting to cumbersome and expensive multipass cell geometries and drying the exhaust gas. In recognition of this and other applications for ultra-highsensitivity gas measurements, PSI is developing new mid-IR sensor approaches based on room-temperature quantum cascade laser sources operating at 4.6 µm and 5.4 µm, respectively. Progress toward realization of these sensors is reported here.
Quantum Cascade Lasers
The recent emergence of quantum cascade (QC) lasers enables the next major advancement in trace species detection: access to the strong, mid-infrared fundamental vibration-rotation transitions with a room temperature, single-mode, tunable laser. QC lasers achieve gain via the transitions of electrons between two subbands in the conduction band of a coupled quantum well structure. 6, 7 Inversion is created by engineering the lifetimes of the states involved. The paired electron-injection and active-well regions are replicated many times over (cascaded) to increase output power. Since the transitions occur entirely within the conduction band of the material, the output wavelength is determined by the thickness of the active region and is independent of the band gap. QC lasers can be fabricated at any wavelength from ~ 4.5 to 17 µm using AlInAs/InGaAs lattices on InP. The QC laser design overcomes two main disadvantages of lead salt diode lasers which traditionally are used in this spectral region. First, they can be operated at room temperature, and second, DFB versions can be fabricated to operate on a single longitudinal mode. By accessing the stronger bands in the mid-infrared fingerprint region, a QC laser absorption spectrometer requires a considerably shorter path than a near-IR device of comparable sensitivity. These advantages result in an overall sensor system that will be smaller and less complex than existing lead salt or near-IR sensors. Thus, the advent of QC lasers enables a new generation of laser-based sensors which achieve the sensitivities of lead salt laser sensors and incorporate the robustness and ease of operation of near-IR diode laser sensors.
Several groups have recently reported applications of QC lasers to trace gas sensing. Sensitive absorption spectroscopy using frequency modulation (FM) detection and a room temperature, pulsed DFB QC laser has been reported. 8 Sensitive absorption spectroscopy has also been demonstrated with cryogenically cooled, CW QC lasers using either FM detection 9 or photoacoustic detection techniques. 10 Detection of isotopic composition has also been demonstrated using cryogenically cooled, CW QC lasers. 11 Our work focuses on quasi-CW, room temperature operation of the laser source with high sensitivity detection achieved using the balanced ratiometric technique. We have demonstrated the operation of a breadboard QC laser system to detect N 2 O and NO near 5.4 µm, 12 and are currently developing a number of related sensors. While QC lasers can be operated CW at cryogenic conditions, we take the approach of pulsed operation at thermoelectrically cooled conditions near room temperature. The noise reduction techniques include (1) reduction of thermal noise through use of liquid-nitrogen-cooled field of view, and (2) dual-beam, balanced ratiometric detection (BRD). 4, 5 Mid-IR Spectroscopy of CO and NO Although strong fundamental transitions are available for both CO and NO in the mid-IR, strong water vapor interferences are also present. This interference is the primary issue that our work is presently addressing. We use the HITRAN and HITEMP databases to predict the absorption spectra of typical engine exhaust conditions (800 K). This allows identification of target spectral lines for laser selection and experimental study. Because the HITEMP database for water vapor is not based on complete experimental data, we must verify the predicted spectra in laboratory burners. Figure 1 compares CO and water vapor absorption spectra at one atmosphere for typical combustor exhaust conditions (top) and at roomtemperature, 100% humidity air (bottom). The CO spectrum was calculated using HITRAN (which is accurate for this molecule at elevated temperature) while the water vapor spectrum was calculated using HITEMP. Several isolated R-branch transitions are apparent in the room-temperature simulation with peak absorptions at 1ppv-m concentration of 5 x 10 -3 . The R (6) line is particularly important for low temperature applications where it is well isolated from neighboring water transitions and should allow room-temperature detection of about 10 ppbv-m (assuming a 5 x 10 For NO, the water vapor absorption interferences, as predicted by HITEMP, are even more severe. Figure 2 compares the NO and water vapor absorption for the region near 5.26 microns, corresponding to our presently available lasers. Each plot shows spectra at one atmosphere: the top plot shows exhaust conditions while the bottom plot shows room-temperature conditions. The NO absorbance is calculated for 1 ppvb-m while the water vapor concentration is the same as in Figure 1 .
At room-temperature, the isolated R (6.5) transition at 1900 cm -1 is optimal and lies in a relatively flat region of the water vapor spectrum. Most of our roomtemperature measurements (described below) have been made using this transition. At engine exhaust conditions, the water vapor absorption increases substantially relative to the NO (note the difference scales for water vapor and NO absorption). The transition at 1900 cm -1 still appears optimal, but awaits experimental confirmation. 
Room-Temperature Measurements
To date, our work has focused on optimizing the laser driver pulse waveforms and overall detection methodologies using room-temperature gases. Two types of pulse generating schemes have been developed to fine tune a laser by way of joule heating through desired absorption transitions and are shown in Figure 3 . In the first scheme (a) two current waveforms are added together to provide the laser with high amplitude current pulse for lasing and a sub-threshold current for tuning via joule heating. In the second scheme (b) a modulated CW current source (e.g., 10 Hz) is connected to a rapidly switched capacitor array (e.g., 1 MHz), which, in turn feeds a series of current pulses of fixed width to the QC laser. The magnitude of the current pulse increases in proportion to the average current supplied to the capacitor array. In contrast to the scheme shown in Figure 3a , no current is injected to the laser between pulses. We believe that this approach may allow wide tuning without the spectral chirp noted previously. 8, 12 Figure 4 depicts the experimental schematic for the room-temperature absorption measurements. The IR output of a QC laser is nearly collimated into an average beam diameter of approximately 3 mm. A CaF 2 beam splitter sends approximately 60% of the power to a multipass pass cell (MPC) while the remainder is collected on an LN 2 -cooled InSb reference detector (with a cold field of view) using an off-axis-parabolic mirror (OAP). The MPC is constructed of two 5-cm diameter, 50-cm focal length, gold spherical mirrors approximately 1.4-m apart with holes permitting the beam to pass. The focus of the QC laser collimation lens is set in the center of the MPC. Additionally the HeNe laser is co-aligned with the IR beam and is used for alignment with the MPC. For comparison, high-sensitivity laboratory measurements using near-IR TDL systems have achieved optical absorbance detection limits as low as 3 x 10 -8 . Field installations routinely achieve background noise levels corresponding to ~ 10 -5 . Hence, there is still room for improving the detection limit.
Much of the noise in Figure 5 arises from optical etalons in the present setup and electronic noise pickup on our current generation pulse/current summer circuitry. Work is underway to improve this.
For CO detection, our present results are qualitatively similar. Figure 6 shows example spectra of the R (2) transition near 2155 cm -1 . The data were acquired for normal ambient background levels of CO (~ 200 ppbv for the example shown) at atmospheric pressure with the 21-m cell. The top spectrum shows the result obtained using two gated integrators to separately record and ratio signal and reference channel detectors. The bottom spectrum shows the same experimental setup using the BRD to automatically balance the signal and reference channels detectors. The noise improvement using the BRD is evident and corresponds to a detection limit of ~ 5 ppbv. This corresponds to background equivalent optical absorbance of ~ 4 x 10 -4 . Figure 6 . Example absorption spectra of ambient atmospheric CO R (2) transition obtained with dual gated integrators (top) and balanced detection (bottom). See text for details.
Summary and Conclusions
Room-temperature mid-IR Quantum Cascade Lasers (QCL) show promise for sensitive, in-situ measurements of trace combustion-generated pollutants such as CO and NO. The present data show sub-ppmv detection limits of both gases in room-temperature, atmospheric pressure measurements. The optical sensitivity achieved to date remains an order of magnitude below that expected from typical CW near-IR TDL sensors. As the QCL device fabrication technology matures, we expect to obtain higher duty cycle, possibly CW, operation. This will help to improve the noise performance, along with removal of stray reflections and interference effects from the optical elements in the detection system.
Measurements of both gases in a laboratory flatflame burner are planned for the second half of 2001. These measurements will represent the first application of QCL technology to in-situ combustion species measurements and will be used to refine sensor concepts for eventual prototype and commercial applications. With the need for extractive sampling, such sensors are expected to find application in combustion control for power generation and industrial heating in a number of markets.
